Abstract Synovial sarcomas are highly aggressive mesenchymal cancers that show modest response to conventional cytotoxic chemotherapy, suggesting a definite need for improved biotargeted agents. Progress has been hampered by the lack of insight into pathogenesis of this deadly disease. The presence of a specific diagnostic t(X;18) translocation leading to expression of the unique SYT-SSX fusion protein in effectively all cases of synovial sarcoma suggests a role in the etiology. Other nonspecific anomalies such as overexpression of Bcl-2, HER-2/neu, and EGFR have been reported, but their role in the pathogenesis remains unclear. Using gene targeting, we recently generated mice conditionally expressing the human SYT-SSX2 fusion gene from mouse endogenous ROSA26 promoter in chosen tissue types in the presence of Cre recombinase. These mice develop synovial sarcoma when SYT-SSX2 is expressed within myoblasts, thereby identifying a source of this enigmatic tumor and establishing a mouse model of this disease that recapitulates the clinical, histologic, immunohistochemical, and transcriptional profile of human synovial sarcomas. We review the genetics of synovial sarcoma and discuss the usefulness of genetics-based mouse models as a valuable research tool in the hunt for key molecular determinants of this lethal disease as well as a preclinical platform for designing and evaluating novel treatment strategies.
Introduction
Synovial sarcoma is a highly aggressive and distinct soft tissue sarcoma predominantly affecting young people, causing death in more than half of the affected children, adolescents, and young adults. It is a rare tumor, comprising 5% to 10% of all soft tissue sarcomas [83] . The 5-and 10-year survival rates have been reported as low as 36% and 20%, respectively [48] . Although the diagnostic and histologic features for synovial sarcoma are now well defined [83] and its molecular profile is beginning to be elucidated, the clinical pathogenesis of malignancy remains poorly understood. Surgical resection with or without adjuvant radiotherapy and/or doxorubicin-based chemotherapy are the mainstays of treatment.
Data regarding the 5-year survival rates for synovial sarcoma vary greatly, ranging from 36% to 76% [22] . Favorable prognostic indicators include low tumor grade, age younger than 15 years at the time of diagnosis, tumor size smaller than 5 cm, and location in the distal extremity [57, 74, 75] . In a prospective series of 112 patients with synovial sarcoma, tumor size 5 cm or greater and the presence of bone and neurovascular invasion were independent adverse predictors of distant recurrence and mortality [40] . No clear prognostic correlation has been demonstrated between the histologic subtype of synovial sarcoma and survival. Heavily calcified tumors reportedly have more favorable outcomes with 5-year survival reported as high as 82%, and tumors having at least 20% poorly differentiated histologic pattern have a worse prognosis [83] . Certain cytogenetic features of synovial sarcoma have also been reported to influence progression (discussed later).
Surgery remains the mainstay of treatment for synovial sarcoma. Obtaining optimal surgical margins is crucial for local tumor control, especially in intermediate-and highgrade tumors. Repeat resection may be required to achieve optimal margins. Wide surgical excision with margins equal to or greater than 1 cm or margins involving fascia is recommended. Obtaining adequate margins must be balanced with the goal of preserving maximal function and minimizing morbidity. In extremity tumors, limb-sparing procedures are preferred to amputation if a functional outcome is possible [40] . Considerations for using adjuvant radiation therapy for local treatment are not specific to synovial sarcomas per se but follow guidelines used for most adult soft tissue sarcomas. Two randomized, controlled trials suggest the usefulness and a trend toward survival benefit of doxorubicin-based chemotherapy for aggregated groups of soft tissue sarcomas [1, 63] , whereas other studies suggest no such trend [54, 61] . Nevertheless, data specific to synovial sarcoma are sparse.
We begin with a brief background on the clinical and pathologic aspects of synovial sarcoma and then review the genetics and molecular aberrations associated with this disease with an emphasis on the unique and specific t(X;18) translocation and its implications on the disease process. We discuss various classic and emerging molecular biology techniques that have been instrumental in our quest to understand the molecular pathogenesis of this disease and conclude with the unique advantages and usefulness of genetically designed animal models using the example of a recently reported mouse model of synovial sarcoma.
Search Strategies and Criteria
We used the search terms ''synovial sarcoma[ti]'' or ''SYT-SSX[ti]'' to search the PubMed database and limit the terms to the title. We identified 1008 articles using the ''synovial sarcoma'' field tag, whereas 54 articles were identified using the ''SYT-SSX'' field tag (until August 2007). We excluded articles written in languages other than English and case studies without novel molecular or diagnostic observations. These criteria reduced the number articles to 85.
Clinical and Pathologic Features
Although the name synovial sarcoma connotes a histogenesis from synovial lining, a result of its predilection to arise near large joints, the ultrastructural and immunologic profile of the tumor cells is inconsistent with this notion [46, 71, 83] . The tissue of origin remains unknown despite efforts to identify its source using such strategies as microarray-based transcriptional signature comparison [24] . An alternate nomenclature of ''carcinosarcoma'' has been suggested based on frequent coexpression of epithelial and mesenchymal markers. The tumor is currently regarded as a neoplasm of ''uncertain differentiation.'' Synovial sarcoma tumors are uniquely composed of two morphologically distinct cell types: spindle cells and epithelioid cells. The presence of the two cell types in varying proportions lends to the classification of tumors into three histologic subtypes that exist along a continuous spectrum: biphasic, monophasic (monophasic fibrous or rare monophasic epithelial), and poorly differentiated [83] . Light microscopy reveals the spindle cell component consists of small, uniform, and ovoid cells. The nuclei are pale, often with inconspicuous nucleoli. The cytoplasm is sparse, and vague cell borders lend to the appearance of overlapping nuclei. Monophasic fibrous-type tumors demonstrate predominantly spindle cells with no or minimal evidence of epithelioid differentiation. These spindle cells are packed into dense sheets with the occasional appearance of palisading nuclei. The tumor stroma involves scant collagen and occasional dense fibrosis as well as variable mast cell abundance, microcyst formation, and myxoid changes. Biphasic tumors contain a mélange of both spindle and epithelial cell components. The epithelial component reveals cells with similarly ovoid nuclei but demonstrates abundant cytoplasm. These cells often form glandular structures with lumina-containing epithelial mucin or papillary structures that resemble adenocarcinoma. The rare monophasic epithelial type is histologically indistinguishable from adenocarcinoma, requiring cytogenetic analysis for diagnosis. The poorly differentiated type of synovial sarcoma poses a diagnostic challenge and demonstrates common features of high-grade small round cell tumors: dense cellularity, numerous mitotic figures, and areas of necrosis.
Synovial sarcomas consistently stain positive for cytokeratin and epithelial membrane antigen [83] . Ninety percent of tumors are cytokeratin-positive with a stronger presence in the epithelial component than among spindle cells. Occasionally, cytokeratin antigens are expressed in monophasic fibrous-type synovial sarcoma. Unlike other spindle cell sarcomas, synovial sarcomas express cytokeratins 7 and 19, which helps to distinguish synovial sarcoma from primitive neuroectodermal tumors and malignant peripheral nerve sheathe tumors [23, 59] . Epithelial membrane antigens are more commonly present in poorly differentiated type tumors than cytokeratin [23] . Because cytokeratin and epithelial membrane antigen do not have perfect overlap, both are used to detect epithelial differentiation synovial sarcoma. Along with markers for epithelial differentiation, these tumors also express vimentin, suggesting mesenchymal differentiation and the antiapoptotic protein Bcl-2 [29, 59] .
The Genetics of Synovial Sarcoma

Cytogenetics
Synovial sarcomas demonstrate a specific t(X;18) (p11.2;q11.2) translocation [56, 72, 81] . The breakpointassociated genes are SYT, on chromosome 18, and SSX (SSX1, SSX2, or rarely SSX4) on the X chromosome [9, 10, 16, 69, 70] . This discovery led to the isolation of SYT-SSX fusion transcripts. The translocation is specific to synovial sarcoma and has been detected in both the spindle and epithelial component of the tumor [5, 34] . Although the SYT-SSX transcript is almost always detected in the tumor cells of synovial sarcoma, the reciprocal SSX-SYT is frequently undetectable [56] . As a result of the high frequency and specificity, detection of SYT-SSX using reverse transcriptase-polymerase chain reaction (RT-PCR) or fluorescence in situ hybridization is used as a diagnostic technique that is particularly useful in identifying monophasic fibrous or poorly differentiated synovial sarcomas [30] . The presence of this unique translocation product also suggests its central role in the etiology.
Translocation Partners
The SYT gene, also known as SS18 or SSXT, is located on chromosome 18q11 and encodes a 387-amino acid protein.
SYT is ubiquitously expressed in both humans and mice and has 11 exons encompassing approximately 70 kb. The presence of canonical CpG islands and the absence of TATA elements in the promoter region of SYT are similar to the promoter region of housekeeping genes [12, 14] . The SYT protein (Fig. 1A) contains a novel 54-amino acid N-terminal domain designated as the SNH domain (SYT N-terminal homology domain) that is conserved in a wide variety of species [9, 12, 18] . The SNH domain interacts with the SWI/SNF ATPase BRM and BRGI, suggesting a role in chromatin remodeling [31, 60] . This domain has also been implicated in interaction of SYT with the acute leukemia-associated AF10, a putative transcriptional factor [11] . A recent study also demonstrated the N-terminal of SYT interacts with mSin3A, involved in transcriptional repression [32] . Other known regions of functional importance within the SYT protein are three SH2-binding Synovial Sarcoma Genetics motifs, one SH3-binding motif, and a C-terminal QPGY domain rich in glutamine, proline, glycine, and tyrosine that is similar to the transcriptional activation region within the EWS/FUS/TLS family of proteins [17, 79] . The SH2-and SH3-binding motifs are implicated in mediating protein-protein interactions in signal transduction [38, 58] . Although the SYT lacks a typical DNA-binding domain and nuclear localization signal, the protein is localized in the nucleus and is believed to act as a transcriptional activator [7, 18] . SYT also plays a role in regulating cell adhesion through interaction with p300 histone acetyl transferase that appears independent of transcriptional activation [20] . Recently, a knockout mouse was generated for SYT that was lethal at the early implantation stage precluding further analysis [13] . A conditional knockout of this gene in specific cell/tissue types using the Cre-LoxP system may provide more valuable insight into its function.
Human SSX genes constitute a gene family with nine identified members [27] . Members of the SSX gene family have been categorized as ''cancer testes'' (CT) antigen, immunogenic antigens with expression in normal testes and various cancers [26, 27, 80] . All members of the SSX gene family share a high degree of similarity in nucleic acid and protein sequences [26] . Of the nine known members of the SSX gene family, only three, SSX1, SSX2, and very rarely SSX4, participate in the characteristic SYT-SSX translocation in synovial sarcoma, all encoding a 188-amino acid protein (Fig. 1B) . Analysis of gene structure has revealed the presence of 10 exons, eight of which are used by all SSX genes [26, 27, 80] .
The N-terminal of SSX protein contains the Kruppelassociated box (KRAB domain) (Fig. 1B ) that is frequently seen in zinc finger proteins and is believed to mediate transcriptional repression [10, 41, 45] . The C-terminal of SSX protein contains another transcriptional repression domain (SSXRD domain) [41] . The SSX protein, like SYT, is localized to the nucleus but lacks any DNA-binding domain or nuclear localization signal. The SSXRD domain is responsible for the nuclear localization of this protein, interaction with polycomb group proteins implicated in gene repression, and association with histones [18, 19, 35, 73] . The C-terminal of SSX proteins also interacts with the Lim homeobox protein LHX4, a putative transcriptional factor that is deregulated in leukemias [15] . These suggest SSX, in association with other proteins, predominantly repress target genes.
The Chimeric Product
The presence of SYT-SSX transcripts in virtually all cases of synovial sarcoma suggests a crucial role of the fusion protein in the etiology of this tumor. Supporting this notion, studies by Nagai et al. [49] have demonstrated constitutive expression of human SYT-SSX1 in rat 3Y1 fibroblast-promoted growth rate in culture, anchorageindependent growth in soft agar, and formation of tumors with appearance similar to human synovial sarcoma on implantation of the transformed 3Y1 fibroblasts in nude mice. The N-terminal 181 amino acids of the fusion protein were required for this transforming activity. Nagai et al. [49] also demonstrated an interaction between SYT-SSX1 protein and the chromatin remodeling factor hBRM/hSNFa mediated through the N-terminal 181 amino acids of SYT-SSX1 and the region between amino acids 156 and 205 of hBRM/hSNFa. Overexpression of this interacting domain of hBRM/hSNFa inhibited the anchorage-independent growth in SYT-SSX1-expressing rat 3Y1 fibroblast, suggesting transformation by SYT-SSX requires interaction with hBRM/hSNFa.
The SYT-SSX chimeric protein usually has the last eight amino acids of SYT replaced by the 78 amino acids from the C-terminal of SSX (Fig. 1C) . Although almost the entire SYT protein is retained in the fusion protein, overexpression of wild-type SYT did not induce transformation in culture (unlike SYT-SSX), suggesting the requirement of the SSX-derived regions for transformation [49] . Although the loss of the N-terminal region of the fusion protein leads to loss of anchorage-independent growth, the loss of 34 amino acids at the C-terminal (derived from SSX) did not compromise the colonyforming activity of the transfected rat 3Y1 fibroblast [49] . This suggests the remainder of the SSX-derived region (amino acids 111 to 154) confers transforming potential to the fusion protein. Furthermore, the loss of one SH2-binding motif of SYT in the fusion protein may have implications in the oncogenic activity because mutant SYT protein lacking the last eight amino acids act as dominantnegative to wild-type SYT function in cell adhesion [20] . Therefore, the gain of the C-terminal SSX region and the loss of C-terminal SYT may both contribute uniquely to the oncogenic potential of the SYT-SSX fusion protein.
The SYT-SSX fusion protein contains the putative transcriptional activation regions of the SYT along with the repression domain of SSX, raising interesting possibilities as to how the fusion protein may induce transformation. Because both parts do not have a DNA-binding domain or nuclear localization signal, binding partners may play a crucial role. The transforming action may be predominantly a result of misexpression or mistargeting of the SSXRD domain or, alternatively, the SNH domain. Which domain has the dominant effect in the context of oncogenic potential of the fusion protein remains to be elucidated, although one study suggests SSXRD acts dominant over SYT in nuclear localization of the fusion protein [18] .
Clinical Correlates of Translocation Type
The type of translocation product, SYT-SSX1 or SYT-SSX2, has been proposed to influence the histology and prognosis of the tumor. SYT-SSX1 subtype is associated with a biphasic histology and a higher Ki-67 index, whereas SYT-SSX2 is associated with the monophasic spindle cell subtype [3, 37, 39, 42, 43, 53] . A multiinstitutional retrospective study suggested better survival associated with SYT-SSX2 subtype compared with SYT-SSX1 [39] . Tumors with simple karyotypes and SYT-SSX2 fusion had fewer metastases than tumors showing complex karyotypes together with SYT-SSX1 [56] . However, despite the correlation with rates of metastases, Guillou et al. [25] did not find SYT-SSX subtype strongly predicted survival.
Molecular Abnormalities
The presence of SYT-SSX transcripts in synovial sarcoma is unique and there is evidence for their etiologic role. However, very little is known about the pathogenesis of this disease. The suggested transcriptional regulatory role of SYT, SSX, and the SYT-SSX fusion protein indicates its oncogenic effect is primarily mediated through transcriptional deregulations. RT-PCR and microarray-based transcriptional profiling studies on synovial sarcomas have revealed (1) differentially expressed genes correlating with synovial sarcoma such as IGF2, OLFM1, TLE2, CNTAP1, DRPLA, EGFR, ZIC2, ATSV, NSP, and so on [2, 52] ; (2) differentially expressed genes correlating with the histologic subtype of synovial sarcoma such as ERBB2, several keratin encoding genes, ELF3, TGFb1, ANX4, and so on associated with the biphasic subtype [2, 50] ; and (3) differentially expressed genes correlating with the SYT-SSX subtype (SYT-SSX1 versus SYT-SSX2) such as FOXC1 and NCAM1 [21] .
Complementary to microarray analysis, immunologic detection has also identified overexpressed proteins in synovial sarcomas such as several members of the cytokeratins, vimentin, BCL2, HGF, C-MET, IGF-1R, SALL2, KIT, PDGFR-b, and TLE1 [47, 51, 77, 78, 84] . Although such immunologic detection lacks the power of microarray analysis in terms of number of candidates investigated, it has the advantage of looking at the final product (protein) as opposed to transcripts in microarray and RT-PCR analysis. This is especially important for proteins or pathways that have considerable posttranslational regulation in which changes in protein levels occur in the absence of considerable transcriptional changes such as the p53 tumor suppressor. Such expression-based analysis provides not only insight into the biology of the disease, but also potential new diagnostic and prognostic markers. Along with expression analysis, surveys for mutations in certain well-known tumor-associated genes have revealed mutations in p53, MDM2, H-ras, APC, PTEN, and so on [55, 65, 66] . However, such analysis has not been able to establish any strong correlation of specific mutations with overall survival.
Although considerable information exists on differential expression of genes and mutations and although study of these individual genetic/molecular aberrations in isolation provides new insight, putting them in a more global context of aberrant pathways is required. This is important because certain crucial therapeutically vulnerable elements of a pathway may lie upstream or downstream to the primary molecular aberration, precluding its identification in expression/mutation-based analyses. Several studies have suggested involvement of the architecture-regulating ephrin pathway and signaling pathways such as Wnt, IGF, ERBB2, HGF/MET, and b-catenin in synovial sarcoma [2, 4, 47, 62, 78, 82, 84] . New studies continue to provide further insight into how such pathways are involved in certain facets of the tumor phenotype. For example, IGF2 protects cells from anoikis allowing transformation [76] . Similarly, SYT-SSX2 induces nuclear recruitment of b-catenin that seems independent of the canonical Wnt pathway [62] . Some of these pathways may be more general to the oncogenic phenotype, whereas others are more unique to the tumor. The potential for targeted therapies capitalizing on newly identified aberrant pathways in synovial sarcomas is discussed later.
Model Systems to Study Synovial Sarcoma
Tumor Models
Basic investigations into pathogenesis of synovial sarcoma, like most other tumors, have relied on human tumors, cell lines, and xenograft systems as study models. Each of these systems has its own unique advantages and disadvantages. Although studying human tumors offers the most ''authentic'' model, it has limited use as a result of our inability to experimentally manipulate the system. Cell lines derived from tumors have high manipulability and are ideal for in vitro investigations. Cell lines are mostly pure tumor cells as opposed to tumors, which are composed of tumor cells, stroma, blood vessels, and so on and offer an ''enriched'' source of tumor cells for study. For this reason, however, a cell line in a Petri dish behaves very differently from a real tumor. Xenograft models, obtained by injecting immunodeficient mice with tumor cells, have certain advantages over human tumors and cell lines as a model system. The tumors in xenograft models develop in vivo and can also be manipulated at several levels, which makes them well suited for studying tumor biology and drug evaluation. However, xenograft models have several drawbacks such as the lack of a natural immune response in the immunodeficient mice that may alter the biology of the tumor considerably. Furthermore, xenograft models are generated by injecting tumors cells, the final phenotype in the tumor pathway, thereby precluding study of any early tumor-inducing pathways.
Mouse Model
An ideal model would be one in which the pathogenic pathway can be recapitulated from tumor induction all the way to advanced disseminated disease in an immunocompetent animal genetically and physiologically similar to humans. The mouse is an ideal organism to model human diseases as a result of its physiological and genetic similarity with humans and our ability to manipulate its genome in a precise and specific way. Gene targeting allows us to introduce specific alterations to the mouse genome. Such genetic alterations could be activating or inactivating specific genes [8] . A major advancement in transgenics has been the introduction of Cre-LoxP-based conditional systems. Cre recombinase is a Type I topoisomerase from bacteriophage P1 that catalyzes sitespecific recombination of DNA between LoxP sites [68] . The LoxP recognition element is a 34-bp sequence consisting of two 13-bp inverted repeats flanking an 8-bp spacer region that confers directionality. Recombination products depend on the location and relative orientation of the LoxP sites. DNA between directly repeated LoxP sites will be excised while DNA between opposing LoxP sites will be inverted.
We have recently developed a mouse model of synovial sarcoma by inducing expression of the human SYT-SSX2 fusion protein within myoblasts of skeletal muscle lineage in mice by using the technique of conditional gene expression [28] . In our model, we have introduced the human SYT-SSX2 coding sequence in the ROSA26 locus [28] on chromosome 6 under the control of the ubiquitously active ROSA promoter [28, 85] . We introduced a LoxP-flanked transcriptional stop signal preceding the SYT-SSX2 coding sequence to make its expression conditional (Fig. 2) . This simple strategy allows us to express SYT-SSX2 at any desired tissue or cell type by delivering Cre at the desired spatiotemporal domain. Several systems have been reported in the literature for the controlled delivery of Cre. The most widely used method is generating a mouse line that expresses Cre from the promoter of a gene whose expression pattern matches the desired spatiotemporal domain of Cre delivery. This could be achieved by either replacing an endogenous gene whose expression pattern matches the desired pattern of Cre with the Cre cDNA or placing the Cre cDNA at the 3 0 -UTR of the gene such that expression of Cre is driven through an internal ribosomal entry site (IRES). The mouse model for synovial sarcoma is generated by breeding mice harboring the conditional SYT-SSX2 construct in ROSA locus to Myf5-Cre mice that expresses Cre in progenitors of skeletal muscles called myoblasts [28] . The tumors generated (Fig. 3 ) resemble human synovial sarcoma based on histologic appearance, immunohistochemistry, SYT-SSX2 expression in all tumor cells, and transcriptional profile [28] . By linking expression of SYT-SSX2 to expression of an enhanced green fluorescent protein (EGFP) through IRES (Fig. 2) , we were able to mark all tumors based on green fluorescence (Fig. 3E) . This facilitates identification of small primary tumors or metastasis on necropsy. Using this model system, we have been able to gain some new insights into the pathogenesis of this disease that highlights the usefulness of such model systems. An interesting observation is the generation of synovial sarcoma-like tumors by expressing the fusion protein in myoblast, thereby suggesting skeletal muscle lineage could be a source of this disease in humans. This is the first experimental evidence for a potential cell of origin for this mysterious tumor. Another intriguing observation was identification of both monophasic and biphasic subtypes in the mouse tumors by expressing SYT-SSX2, which has implications in the epidemiologic observation of correlation between tumor histology and translocation subtype. On preliminary examination of mouse tumors, there appears to be a correlation between tumor size and histology so that larger, more advanced tumors have biphasic histology, whereas more incipient tumors preferentially have monophasic histology. This suggests the tumors undergo a mesenchymal to epithelial transformation as they progress such that larger tumors have more epithelial component and the rate of this transformation is different between those harboring an SYT-SSX2 type and those with SYT-SSX1 type of translocation. Saito et al. [64] recently demonstrated the SYT-SSX fusion protein prevents the repression of E-cadherin, leading to aberrant overexpression of E-cadherin, an important determinant of epithelial differentiation; SYT-SSX1 demonstrated a stronger derepression of E-cadherin than SYT-SSX2, which further supports the notion that the correlation of tumor histology with fusion subtype is a reflection of the rate of tumor progression from a mesenchymal to an epithelial differentiation.
Along with basic biologic investigations, a mouse model is also a valuable tool for clinical investigations. One intriguing clinically relevant issue is whether there is any correlation between cell of origin and prognosis or drug response. It is possible synovial sarcoma (and other tumors) could have more than one source such that the clinical behavior of the tumor is influenced by its origin. The most attractive clinical use of such model systems, however, is to use them as preclinical platforms to evaluate new drugs or therapeutic strategies. Better trials with more statistical power can be easily designed, especially given the high penetrance of this model, and results from such preclinical trials can be extrapolated to the human case with a much greater degree of confidence than using either cell culture or xenograft models. 
Discussion
Synovial sarcoma is a rare but aggressive tumor. The urgent need for a novel tumor-specific therapeutic strategy arises from synovial sarcoma's moderate chemosensitivity and the fact that most patients who die of synovial sarcoma succumb to distant rather than local disease. The lack of complete understanding of the pathogenesis of this disease leave researchers steps shy of targeted therapy. As we discuss in this review, decades of investigation into the molecular pathogenesis of this disease have begun to provide considerable insight into the molecular and genetic aberrations associated with this disease.
Our study is limited by the search engine used and the search strategies. We did not include other databases (e.g., EMBASE, which covers European journals better than PubMed). We also excluded non-English language articles and limited our search to articles with the search terms in the title (and not the text). These strategies may have excluded important reports, but we presume the concepts would appear in articles searchable via PubMed and titles.
The most important concept to come out of the studies reviewed is the detection of a specific and unique t(X;18) translocation and expression of a derivative SYT-SSX fusion gene in this disease that not only provided us with a sensitive and reliable diagnostic marker, but also has the potential to be a prime candidate for targeted therapy in this disease. A recently generated mouse model demonstrated the SYT-SSX fusion protein indeed acts as an oncogene in this tumor. However, our current knowledge is very limited regarding tumorigenic events downstream to the expression of SYT-SSX. Although emerging pathway analyses are beginning to shed light into how SYT-SSX may induce transformation, the underlying mechanism is still largely a mystery. Future investigations will ask more focused mechanistic questions that are built on previous observations. We have now entered into an exciting phase of research into this disease in which the availability of considerable background information based on previous work and newly available tools such as more powerful microarray platforms, better analysis methods, advanced genetically designed mouse models, and so on should greatly expedite our understanding of this disease. However, some of these advanced research tools are still evolving and have certain limitations that must be identified and justified. In the case of the mouse model described here, synovial sarcoma cells often harbor a plethora of genetic and molecular aberrations as discussed in this review. It is still not clear whether the mouse model recapitulates all of these anomalies. In cancer, more than one genetic aberration often collaborates to induce transformation and the progress toward the final clinicopathologic phenotype of the tumor. Although theoretically not impossible, this is often very difficult to achieve in mouse model, mostly as a result of our incomplete understanding of the tumorigenic process. Therefore, rather than replacing classic methods, the mouse model is more of a complimentary research tool.
Several unanswered biologic questions are closely linked to the prospect of targeted therapy. One of them is whether the continuous presence of SYT-SSX is required for the maintenance of the tumor phenotype. As we have seen with the mouse model, expression of SYT-SSX2 appears sufficient to initiate the cascade of events leading to tumor formation. However, we still do not know whether SYT-SSX is required for tumor progression after its induction. If this is the case, then SYT-SSX offers the most tantalizing drug target because it is specific to tumor cells. The contribution of the variance in the SSX domain to tumor biology and prognosis is also unclear. Regardless, the SYT-SSX fusion protein does serve as a promising target for tumor-specific therapy such as immunotherapy. Cytotoxic CD8+ T lymphocytes specific to the SYT-SSX protein have been identified in patients with synovial sarcoma and induce a specific response by in vitro stimulations [67] . Recently, the first Phase 1 pilot trial of a SYT-SSX-derived junction peptide vaccine in six patients with synovial sarcoma was carried out. The procedure was well tolerated and one patient appeared to have stabilization of disease during the vaccination period [36] . Using inhibitors of SYT-SSX function or RNA interference-based targeted downregulation of SYT-SSX is another potentially effective strategy that should be explored.
Downstream effectors of SYT-SSX-induced tumorigenesis could also serve as potential drug targets. Several pathways and proteins that seem correlated with synovial sarcoma could prove worthy targets after further validation. Bcl-2 is an antiapoptotic protein that prevents or delays programmed cell death and is overexpressed in 79% to 94% of synovial sarcomas. Expression is limited to the spindle cells in biphasic synovial sarcomas, which may be related to a role of Bcl-2 in protecting cells from apoptosis before terminal differentiation [43] . The increased expression of Bcl-2 in synovial sarcoma is not the result of gene amplification or rearrangement but may be the result of transcriptional activation and/or enhanced protein stabilization [44] . Oblimersen (G3139, Genasense 1 ; Genta Inc, Berkeley Heights, NJ) is an 18-base phosphorothiated antisense oligonucleotide complementary to the first six codons of the open reading frame of Bcl-2 mRNA. It has been designed to decrease Bcl-2 expression and therefore allow apoptosis of cancer cells, whether natural or chemotherapy-induced [33] . Experiments were performed to test the effect of Bcl-2 blockade by G3139 on the viability of the synovial cell line in the presence of doxorubicin [33] . The nontranslocation-containing SW982 had a dosedependent decrease in viability after 24-hour incubation with doxorubicin. The viability was no less when the cells were first incubated with G3139 before the doxorubicin. However, the FU-SY-1 cell line, which showed a similar loss of viability after doxorubicin, had an augmented and dose-dependent loss of viability and increase in apoptosis when G3139 was added to the doxorubicin. Therefore, it appeared G3139 increased cell death only when the cell line had a high level of Bcl-2 expression and/or it contained the translocation. A study to test the benefit of the addition of G3139 to standard chemotherapy (doxorubicin and ifosfamide) on the neoadjuvant response rate of high-risk patients with synovial sarcoma is in development.
Epidermal growth factor receptors (EGFRs) are overexpressed in synovial sarcomas compared with other soft tissue sarcomas. Therefore, members of the EGF family made up of several tyrosine kinases are appealing targets in the treatment of synovial sarcoma. Although a Phase 2 trial of the EGFR inhibitor gefitinib for patients with locally advanced or metastatic synovial sarcomas that overexpress EGFR has been launched in Europe [6] , preliminary data have not demonstrated a major response. Nonetheless, other therapeutic agents are in development targeting this pathway. Similarly, targets within other pathways involved in synovial sarcoma could be evaluated as potential targets. The mouse model we discussed here should be a useful tool for rapid preclinical evaluation of such new therapeutic modalities.
Along with new therapeutic strategies, there is a need for better prognostic determinants. The correlation of the fusion subtype, secondary genetic events, and histology with prognosis should be further addressed. In this regard as well, the mouse model will be valuable as a research tool in which much better controlled studies can be designed to answer such questions. Another intriguing issue is whether there are multiple cells of origin for this cancer such that the cell of origin could influence the prognosis. One way to investigate this would be to induce expression of SYT-SSX2 in several different tissue types in mice and look for tumor induction. If synovial sarcoma-like tumors are generated by expressing the fusion protein in more than one cell type, then one could compare these tumors to look for differences in the clinical and biologic behavior of the tumor.
Despite relatively slow progress, emerging data regarding key molecular pathways involved in synovial sarcoma should lead to development of novel targeted therapy, a necessity because improvements with existing cytotoxic chemotherapy seem unlikely. Translation research using model organisms such as the one we have recently developed has a prominent place in this quest for better therapy.
